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ABSTRACT OF THESIS:
o-Quinones are toxic electrophiles that can disrupt cellular macromolecules. Whether
endogenous or xenobiotic, o-quinones are reactive compounds that are difficult to isolate. This
work uses the o-quinone of bisphenol(BPA), bisphenol A-3,4-quinone(BPAQ), which can be
efficiently synthesized and isolated, to study the electrochemical properties of o-quinones and
their sulfur adducts in order to understand their metabolic fate. Cyclic voltammetry and
equilibrium analysis were used to determine the relative oxidation potential of the BPA
catechol and adducts, formed by reacting glutathione(GSH) and N-acetylcysteine(NAC) with
BPAQ. BPAQ-sulfur adducts with 5-position substitution displayed lower oxidation
potentials when compared to the 2-subsituted isomers, E1/2=293 and 378 eV, respectively.
Oxidation of the adducts is a prerequisite for further sulfur adduction and exchange reactions,
both linked to the toxicity of sulfur adducted o-quinones. 5-NAC-BPAQ was used to probe
exchange reactions with GSH to determine the effects of sulfur substitution on BPAQ-sulfur
chemistry. When reacted with an excess of GSH, three new disubstituted sulfur adducts were
formed, 6-GSH-5-NAC-OHBPA, 2-GSH-5-NAC-3-OHBPA, and 5,6-diGSH-3-OHBPA. 5,6diGSH-3-OHBPA is formed from 6-GHS-5-NAC-OHBPA through oxidation followed by S-aryl
exchange. These results show that substitution pattern of o-quinones sulfur adducts has a
dramatic effect on downstream chemistries and the resulting toxicity of the sulfur adducts.
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Introduction
Glutathione (GSH) is a sulfhydryl found in cells in high concentration and serves a
variety of functions, particularly as protection against toxic electrophiles. Glutathione’s
conjugation to compounds is often catalyzed by glutathione S-transferases (GSTs)1,2. Notably,
the reductive nucleophilic addition of GSH to o-quinones does not require GSTs, because
quinones are such biologically reactive electrophiles, produced from intracellular oxidations
(Scheme 1)2,3. Both endogenous and xenobiotic o-quinones can react with DNA, and have been
linked to the development of breast cancer and the pathogenesis of Parkinson’s disease4,5. Thus,
the conjugation of GSH to these toxic electrophiles is considered cytoprotective2. However,
quinone-GSH conjugates have demonstrated neural and renal toxicity, leading to their
classification as cytotoxic and mutagenic1,6.

A

B

Scheme 1. Intracellular oxidation and conjugation of catechols in cells.
Most o-quinones’s instability presents a challenge when studying their chemical
properties. Bisphenol A (BPA) is a readily available, inexpensive compound used in the
manufacture of plastics and epoxy resins7. BPA experiences a series of cellular oxidations
producing the BPA catechol, 3-OH-BPA, and then the biologically reactive o-quinone, BPAQ8.
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Subsequent GSH conjugation – as seen with other quinones – is expected, and BPAQ-sulfur
adducts have been detected in vitro9,10. Recent large scale, one-pot synthesis allows for isolation
of BPAQ and its glutathione-conjugated metabolites11. The accessibility and low-cost of BPAQ
make it a useful platform for studying the reactivity and chemical properties of o-quinones.
Additionally, the synthesis provides access to N-acetylcysteine (NAC-) and GSH-BPAQ adducts
to examine the properties of quinone-sulfur (SR) conjugated metabolites. Since NAC does not
have a free amino group, the oxidized quinone-NAC adduct is more stable, allowing for better
chemical analysis.
The oxidation potential of BPAQ-SR adducts will be measured both electrochemically
and in the presence of its upstream metabolite BPAQ (Scheme 1, A). Formation of the diGSH
adduct in aforementioned synthetic processes suggests the possibility of oxidation of the
monosubstituted adduct, via unreacted BPAQ, followed by a second GSH conjugation to form
this diadduct12. Another concern is that other quinones with increasing degrees of GSH
conjugations, as shown in 1,4-benzoquinone, have demonstrated increased nephrotoxicity in
rats13. Oxidation potentials have served as a marker for a sulfur adducts’ toxicity in past
studies14. Thus, to test whether BPAQ-GSH conjugates undergo further oxidation in redox
cycling or present possible cytotoxic effects, this research measures the propensity of BPAQGSH and similar N-Acetylcysteine (-NAC) adducts to undergo oxidation using cyclic
voltammetry and equilibrium analysis.
Also, the reactivity of oxidized BPAQ-SR adducts in the presence of GSH will be
established (Scheme 1, B). If conjugates are determined to potentially experience intracellular
oxidation through CV and equilibrium results, this exchange analysis provides further
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implications on the chemical properties of oxidized quinone-adducts in cells, where GSH
concentrations are high, as well as their potential mechanisms of toxicity.
Materials and Methods
Preparation of 2-Iodoxybenzoic acid (IBX) for BPA oxidations. 2-iodobenzoic acid (5 g) was
dissolved in water (200 mL). Oxone (3 equivalents) was added, and reacted at 70oC for one hour.
To isolate IBX as a solid the solution was cooled and filtered15.
Synthesis of tested BPA metabolites. These compounds were synthesized from BPA
using the large-scale, one-pot synthesis detailed by Stack and Mahmud11. Briefly, BPA was
dissolved in CHCl3:CH3OH (3:2 solvent mixture). Then, BPAQ is produced by overnight
oxidation at -15oC using IBX (1.1 equivalents). BPAQ is extracted with six 50 mL washes with
0.1 M phosphate buffer, pH 6.0, followed by evaporation of the solvent.
To generate the NAC and GSH adduct the BPAQ was dissolved in methanol or
CH3OH:H2O (1:1 solvent mixture), respectively, then reacted with its sulfhydryl (1.4
equivalents), NAC or GSH, in minimal phosphate buffer. The catechol and adducts were
separated with Biotage Isoler One flash column chromatography.
Products of this synthesis are shown in Fig. 2. However, 3-OH-2-NAC-BPA is produced
in insufficient quantity for oxidation, equilibrium, or exchange testing, and the 3-OH-2,5diNAC-BPA is not generated with this synthetic procedure12.
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Figure 2. BPAQ-SR adducts and BPA catechol tested. A shows the positions of BPAQ-SR
conjugation produced from synthesis and used for testing. B shows the sulfur substituents that
were conjugated to BPAQ.
Other Chemicals. Solvents and other chemicals were bought from Fischer Scientific
Co., Aldrich Chemical Co., and Cambridge Isotope.
Oxidation Potential Measurements. Preliminary oxidation potential measurements
were obtained using cyclic voltammetry (CV) for the BPAQ-SR conjugates and BPA catechol
(0.5 mM in phosphate-saline buffer, pH 7.4). The CV apparatus included a platinum counter
electrode, a silver/silver chloride reference electrode, and a glassy carbon working electrode,
which was polished before each scan. The potentiostat measured the current, while voltage was
swept from -200mV to 500mV (rate 50 mV/s).
Determination of Quinone Equilibrium. Equal molar amounts of sulfur adduct and
BPAQ were mixed and analyzed with HPLC (Waters 2847 dual 𝜆 absorbance detector) at 280
and 400 nm at 10 and 40 minutes. Chromatographs at 280 and 400 nm were used to quantify
molar and area catechol ratios and quinone area ratios, respectively.
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Three quantitative approaches were used to evaluate 3-OH-5-NAC-BPA’s equilibrium
constant. First, response factors with respect to 2-benzoylbenzoic acid were established at 280
nm on HPLC. 2-benzoylbenzoic acid served as an internal standard, but since it relied on initial
response factor analysis, it was not used in the final calculation for determining equilibrium.
Instead, the absorbance of equal molarity solutions of 5-NAC-BPAQ and BPAQ were measured
at 400 nm. This measurement was repeated with equal molarity solutions of 3-OH-5-NAC-BPA
and 3-OH-BPA at 280 nm. These two absorbance factors were used to adjust the integration then
evaluate for the equilibrium constant at 280 and 400 nm.
For 3-OH-5-GSH-BPA only quinone areas could be measured and their ratio quantified,
because the 5-GSH-BPAQ’s absorbance at 280 overlapped with the adduct’s absorbance. The
absorbance factor of 5-NAC-BPAQ to BPAQ was used to adjust the 400 nm integration of 5GSH-BPAQ. Also, the instability of the oxidized 5-GSH-BPAQ adduct limited equilibrium
constant analysis to the chromatographs at a reaction time of 10 minutes.
BPAQ-SR Adduct Oxidation and Exposure to Glutathione. 5-substituted BPAQ-SR
conjugates (NAC and GSH) were oxidized with AgO (10 equivalents) in DMF at room
temperature for three hours with continuous mixing. To confirm oxidation HPLC measurements
were performed at 280 and 400 nm. The oxidized conjugates, 5-SR-BPAQ, were filtered then
reacted with 5 equivalents of GSH dissolved in 0.1 M phosphate buffer, pH 7.0. The products
were isolated using both HPLC and Biotage Isoler One flash chromatography. The product
structures were identified with NMR analysis (Bruker 400 MHz Avance III spectrometer) in
D2O12.
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Results
Oxidation Potential Measurements and Quinone Equilibrium. Preliminary measures of
oxidation potential, also known as half cell oxidation potentials or E1/2, for synthesized BPA
catechol and BPAQ-SR adducts were established using the CV results (Table 3, E1/2). These
were identified as the voltage at half of the maximal measured current. When interpreting
oxidation potential, the lower the value the more easily a compound is oxidized.
The preliminary CV oxidation results indicated that 5-substituted adducts were
significantly easier to oxidize than 2- and di-2,5-substituted BPAQ-GSH adducts. The 3-OH-5GSH-BPA and 3-OH-5-NAC-BPA were found to have close oxidation potentials of 293 mV and
299 mV. These results suggest that both 5-SR-BPAQ conjugates are as easily oxidized as their
upstream catechol metabolite, 3-OH-BPA, which has a half cell oxidation potential of 293 mV.
Given the proximity of the oxidation potentials for the catechol and the 5-substituted BPA
adducts, the equilibrium constants for all adducts were evaluated with respect to the catechol.
For 3-OH-2-GSH-BPA and 3-OH-2,5-diGSH-BPA, mixing with an equal molar amount
of BPAQ formed none of the adducts’ respective quinones. Thus, their oxidized BPAQ-GSH
adduct to BPAQ ratios, or equilibrium constant at 400 nm, were evaluated to be zero (Table 3,
KEQ, 400nm). The equilibrium constants at 400 nm for both 5-substituted BPA adducts were both
greater than one at 1.37 for the NAC and 1.42 for the GSH adduct (Table 3, KEQ, 400nm). 3-OHBPA’s equilibrium is defined as 1, so BPAQ was a strong enough oxidant to form the 5substituted BPA adducts’ oxidized quinone. The equilibrium constants for the 5-substituted
GSH- and NAC-BPAQ conjugates are still too close to determine the more easily oxidized sulfur
metabolite of BPA.
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Table 3. Oxidation Potentials and Equilibrium Constants of BPAQ-SR Adducts.
E1/2, measured E1/2, corrected1 ΔE
KEQ, 400nm
(mV)
(mV)
(mV)
3-OH-BPA
88
293
68
12
3-OH-5-NAC-BPA
94
299
172
1.373
3-OH-5-GSH-BPA
88
293
65
1.423
3-OH-2,5-diGSH-BPA
155
360
182
0
3-OH-2-GSH-BPA
173
378
165
0
1The oxidation potentials are corrected to be versus the NHE at pH 7.4 rather than the Ag/AgCl
reference from which the measured E1/2 was determined.
2
By definition.
3
These equilibrium constants were evaluated using area integrations at 400 nm and the
absorbance difference factor for 5-NAC-BPAQ and BPAQ.
Compound

Cyclic voltgramms provide qualitative and quantitative insight into the reversibility of a
compound’s oxidation process. When the shape of the voltgramm is symmetrical for oxidation
and reduction, this indicates the possibility of a reversible redox process. The BPA catechol is
the benchmark for reversibility of these oxidations, and deviation from this voltgramm shape
implies irreversibility (Fig. 4, green line). The CV shape for oxidations of the 2,5-diGSH and 2GSH adduct deviate substantially, suggesting possible reversibility only for the 5-GSH adduct
(Fig. 4).
A more quantifiable indication of reversibility is the ΔE, which is the difference in the
peak anodic and peak cathodic potentials (Table 3, ΔE). Again, 3-OH-BPA serves as the
benchmark for reversible redox processes with a ΔE of 68 mV. This is similar to literature that
cites a reversible process will have differences in peak electrode potentials ranging from 55 to 75
mV16. Thus, the only other reversible oxidation process, based on this ΔE measure, is the 3-OH5-GSH-BPA metabolite. Notably, 3-OH-5-NAC-BPA’s ΔE is significantly higher showing it is
irreversible, despite having a similar oxidation potential and equilibrium constant to the
reversible 5-GSH-BPAQ adduct.
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Figure 4. BPA catechol and BPAQ-GSH Conjugates Cyclic Voltgramms. Potentiostat
measurements of current over one voltage sweep for each GSH-substituted BPAQ are shown.
The BPA catechol (green line, 3-OH-BPA) was measured, and serves as a CV shape comparison
for the reversibility of the BPAQ-GSH adducts.
BPAQ-SR Adduct Oxidation and Exposure to Glutathione. When 3-OH-5-NAC-BPA
was oxidized then reacted with GSH, the following products formed: 3-OH-5,6-diGSH-BPA
(Fig. 5, 2), 3-OH-2-GSH-5-NAC-BPA (Fig. 5, 3), and 3-OH-6-GSH-5-NAC-BPA (Fig. 5, 4).
This diGSH adduct is different from the one formed in large-scale BPA synthesis. When 3-OH5-GSH-BPA was oxidized then reacted with GSH, only the 2,5-diGSH adduct, seen in previous
BPA adduct synthesis, was formed (Fig. 6, 2).
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HPLC conditions:
2 min at 80:20
water:methanol. Then over
16min linear to 100%
methanol, holding 100%
methanol for 2 min. Run
time is 20 min.
Flow rate: 1 mL/min
Chromatograph: 280 nm
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Figure 5. Chemical Exchange of 5-NAC-BPAQ. A shows the chromatograph at 280nm,
obtained from HPLC, for the products of the chemical exchange testing for 3-OH-5-NACBPA. B indicates the reaction including oxidation by AgO followed by addition of excess
GSH. C shows the products identified from the NMR structural analysis. Numbers indicate
each product’s corresponding HPLC peak.
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HPLC conditions:
2 min at 80:20
water:methanol. Then over
16min linear to 100%
methanol, holding 100%
methanol for 2 min. Run time
is 20 min.
Flow rate: 1 mL/min
Chromatograph: 280 nm
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Figure 6. Chemical Exchange of 5-GSH-BPAQ. A shows the chromatograph at 280nm,
obtained from HPLC, for the products of the chemical exchange testing for 3-OH-5-GSH-

BPA. B indicates the reaction including oxidation by AgO followed by addition of excess
GSH. C shows the product identified from the NMR structural analysis. The numbers indicate
each compound’s corresponding HPLC peak.
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Discussion
Two competing factors affect the oxidation potential of
quinone-SR adducts in comparison to their upstream parent

1

α-MeDA

compounds. The sulfur’s inductive electron withdrawing effects
should make sulfur-adducted quinones harder to oxidize, yet sulfur’s
ability to donate electrons through resonance could also produce

2 5-GSH-α-MeDA

more easily oxidized adducts1. If oxidized easily, these adducts could
pose a greater mutagenic threat than their upstream quinones if the
adducts’ derivative quinones interact with nucleophilic cellular
macromolecules4,5.
Oxidation potential measurements reflect the propensity of o-

3 2-GSH-α-MeDA
Figure 7. α-MeDA
and GSH metabolites.

quinone-GSH adducts to be oxidized. Preliminary CV oxidation potentials indicate and quinone
equilibrium constants confirm that the substitution pattern of BPAQ-sulfur adducts has
significant impact on the ease of the metabolite’s oxidation. The 2-substituted adducts are harder
to oxidize, than their corresponding 5-substituted sulfur adducts. α-methyldopamine (MeDA) has
a similar structure and substitution pattern for its quinone-sulfur adducts as the BPA catechol and
BPAQ-SR adducts. Previous cyclic voltammetry analyses of SR-α-MeDA showed similar
oxidation potential differences depending on the regioselectivity of the sulfur adduct. 5-GSH
(Fig. 7, 2) and -NAC-α-MeDA had oxidation potentials 100 mV less than the 2-GSH substituted
adduct (Fig. 7, 3). The oxidation potentials of all SR-α-MeDA adducts were lower than their
upstream metabolite α-MeDA, indicating the potential for further redox processes14. Similarly,
the 5-GSH-BPAQ adduct was as easily oxidized as its precursor BPA catechol, suggesting
further oxidation.
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Low oxidation potential can serve as a benchmark for potential toxicity, especially if it
indicates further transformation. In MDMA CV analysis and toxicity in rat neuronal cultures,
low oxidation potential correlated to higher toxicity. The 5-GSH-α-MeDA was found to be more
toxic than its parent compound MDMA and other precursors that had higher oxidation
potentials14. Given 5-SR-BPAQ adducts were shown to be easier to oxidize, this suggests
potential toxicity, especially through further oxidation and transformation. Additionally, BPAQSR metabolites, if oxidized, could interact with ribo/deoxynucleosides in the same genotoxic
nature as BPAQ does10. Thus, testing is warranted to determine the toxicity of these adducts,
especially considering that low oxidation potential served as a biomarker for toxicity of the
sulfur-adducted derivatives of the similarly structured catechol α-MeDA.
Further transformation of 5-GSH-BPAQ was confirmed; the compound is an intermediate
for the formation of the 2,5-diGSH product of Stack and Mahmud’s large scale BPA metabolite
synthesis. This 5-GSH-BPAQ adduct, as an intermediate of the diadduct formation, is oxidized
by unreacted BPAQ, and then undergoes a second 1,6-conjugate addition with GSH (Scheme 8).
Kinetic study of this reaction also confirms this mechanism, as the 2,5-diGSH adduct forms in
equal molar ratio to the BPA catechol – the reduced form of BPAQ12. This mechanism for
generating diadduct is shared for unreacted α-MeDA quinone’s oxidation of 5-GSH-α-MeDA
followed by the same, second 1,6-conjugate addition of another GSH molecule to form 2,5diGSH-α-MeDA14. During Stack and Mahmud’s synthesis of NAC adducts, no diadduct is
formed, despite its low oxidation potential and favorable equilibrium constant12. This indicates
that kinetics may play a role in the lack of diNAC adduct formation, especially because slow
addition of NAC to BPAQ yielded diNAC-BPAQ adduct.
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Similarities in the regioselective nature of sulfur substitution of derivatives of BPA
catechol and α-MeDA indicate other catechols with similar electron donating substitution will
produce similarly substituted sulfur adducts with oxidation potentials substantially lower for the
5-substituted monoadduct. Also, the shared mechanism of diadduct formation for both these
catechols suggests similar behavior of other o-quinones.

Scheme 8. Mechanism of 3-OH-2,5-diGSH-BPA formation. Oxidation potentials and
equilibrium values confirm Stack and Mahmud’s one-pot, large scale synthesis results in the
formation of the 2,5-diadduct by the mechanism shown in this reaction diagram.
Given the confirmed propensity for oxidation of sulfur-adducted o-quinones,
understanding their interaction following oxidation is important to determine if they still pose the
same toxic electrophilic threat to macromolecules. Following oxidation, exposure of the
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oxidizable 5-substituted adducts to an excess of GSH is intended to provide an effective
nucleophile and mimic cellular conditions where GSH is in abundance, serving as an electrophile
scavenger2. Chemical exchange for the 5-GSH adducted quinone gave the same diadduct, 3-OH2,5-diGSH-BPA, as previous synthesis starting with BPA. This provides more evidence that
oxidation of the 3-OH-5-GSH-BPA, followed by conjugation to GSH is the mechanism for
diadduct formation during synthesis (Scheme 8). The chemical exchange of the 5-NAC adducted
quinone suggests a different mechanism to form the new diadduct, 5,6-diGSH. The results imply
that 1,4-conjugate addition of GSH forms the product and diadduct intermediate, 3-OH-6-GSH5-NAC-BPA. This intermediate is oxidized by unreacted NAC-adducted quinone, followed by
ipso attack of GSH at the NAC position (Scheme 9).
This ipso attack, not suggested in previous synthetic processes, shows the potential for
BPA to serve as a platform for chemotherapeutic delivery to multi-drug resistant (MDR) tumor
cells. In cancer cells redox cycling and other metabolic activities are upregulated for rapid
cellular divisions. In MDR tumor cells, GSH and GSTs are aberrantly expressed as one
mechanism to protect these cells from electrophilic, xenobiotic chemotherapeutic drugs17. These
conditions and the implicated ipso attack in the 5-NAC-BPAQ indicate the possibility of
conjugating a redox-disrupting component that mimics sulfur’s behavior to BPAQ. Oxidation
and GSH addition in the tumor cells may result in similar ipso attack to that experienced during
3-OH-5-NAC-BPA’s chemical exchange to deliver the conjugated moiety to MDR cells.
Selenium is a possible moiety; previous chemotherapeutic agents demonstrated the success of
selenium delivery, and selenium shares many chemical properties with sulfur. Further research is
required to synthesize BPA-SeR compounds and test potential adducts for their oxidation
properties. Another potential vehicle is estrogen and its derivatives, since its available
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substitution sites are more limited than the BPA catechol, indicating the potential to promote
higher frequency of ipso addition and moiety delivery.

Scheme 9. Plausible Mechanism of 3-OH-5,6-diGSH-BPA formation. This 5,6-diGSH
adduct was not seen in previous synthesis, and is suspected to be the result of the 6GSH-5-NAC adducts’ oxidation followed by ipso addition shown in this reaction diagram.
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